The parallel nano-scanning calorimeter (PnSC) is a silicon-based micromachined device for calorimetric measurement of nanoscale materials in a high-throughput methodology. The device contains an array of nanocalorimeters. Each nanocalorimeter consists of a silicon nitride membrane and a tungsten heating element that also serves as a temperature gauge. The small mass of the individual nanocalorimeters enables measurements on samples as small as a few hundred nanograms at heating rates up to 10 4 K/s. The sensitivity of the device is demonstrated through the analysis of the melting transformation of a 25-nm indium film. To demonstrate the combinatorial capabilities, the device is used to analyze a Ni-Ti-Zr sample library. The as-deposited amorphous samples are crystallized by local heating in a process that lasts just tens of milliseconds. The martensite-austenite transformation in the Ni-Ti-Zr shape memory alloy system is analyzed and the dependence of transformation temperature and specific heat on composition is revealed.
I. INTRODUCTION
As materials scientists strive to optimize the performance of materials, often the best performers are found in complex materials systems, i.e., materials systems with three components or more. This class of materials systems is still largely unexplored. The reason why complex materials systems remain unexplored is twofold: first, the scope of the problem is vast and second, conventional measurement methods are too slow. For example, considering ternary and quaternary combinations of elements lead to over four million materials systems of which less than 1% are well known. 1 Conventional measurement methods consider just one composition of one material system at a time. This approach is insufficient to explore the vast materials space in a reasonable amount of time. The dependence of materials properties on temperature, scale, and processing conditions further increases the scope of the problem. Clearly, high-throughput techniques can improve the efficiency of materials discovery and property optimization.
This work introduces an instrument, the parallel nanoscanning calorimeter (PnSC), which combines techniques from combinatorics and nanocalorimetry to create a useful tool for materials research and discovery. 2 More specifically, the PnSC allows high-throughput measurement of enthalpy-related materials properties in thin-film samples. The design of the PnSC allows for fast synthesis of sample libraries by conventional thin-film growth techniques. Samples can range from nanometer to micrometer thickness and libraries can vary by composition, thickness, temperature history, etc. Once created, the entire sample library is measured sequentially with millisecond measurement times, allowing fast sample analysis over a wide range of temperatures.
Combinatorial materials science is a rapidly growing field of materials research that pairs traditional measurement techniques with high-throughput methods to accelerate materials discovery. [3] [4] [5] [6] The combinatorial approach has been applied to such diverse applications as catalysis of transition metal-containing compounds, 7 polymer thin-film dewetting, 8 and more recently to the optimization of shape memory alloy transformation behavior. 9, 10 This is a very limited sample of the growing field of combinatorial material science; nevertheless, these examples demonstrate the broadly applicable nature, the efficiency, and the economy of the combinatorial approach.
Calorimetry is an essential tool in the study of materials that is used to measure transformation temperatures, enthalpies, and heat capacities. It is also used to investigate the kinetics of phase transformations and reactions. Nanocalorimetry makes use of thin-film and micromachining technologies to significantly reduce the addendum of the calorimeter, enabling ultrasensitive calorimetric measurements. [11] [12] [13] [14] Efremov and colleagues, 15 in particular, have demonstrated sensitivities on the order of 10 pJ/K using a differential measurement scheme. Nanocalorimetry is a proven method for measuring the thermal energies of nanoscale quantities of materials. Nanocalorimetry, in general, possesses characteristics that make it suitable for combinatorial material science: sample fabrication methods are generally compatible with combinatorial sample library fabrication techniques and short measurement times facilitate high-throughput measurements.
By combining nanocalorimetry with combinatorial methods, the PnSC accelerates materials synthesis and analysis. The sensitivity of the PnSC is first demonstrated by measuring the heat of fusion and melting temperature for a 25-nm indium thin film. The combinatorial capabilities of the device are then demonstrated by synthesizing a sample library of the high-temperature shape-memory alloy Ni-Ti-Zr with a two-dimensional composition gradient to reveal the dependence of the martensite transformation characteristics on the chemical composition.
II. DEVICE DESCRIPTION AND WORKING PRINCIPLE A. Description of device
The PnSC device consists of a substrate with a number of micromachined thermal sensors. The thermal sensors are arranged in a 5 Â 5 array to facilitate combinatorial sample preparation (Fig. 1) . When a thin-film sample with an in-plane composition gradient is deposited on this substrate, the film is essentially discretized at each thermal sensor, allowing the simultaneous creation of 25 samples with unique composition. One can also envision systematic variations of other parameters, such as sample thickness, processing conditions, etc.
The design and operation of the thermal sensors is similar to the nanocalorimetric cells developed by Olson et al. 13 and Efremov et al., 15 with different materials, fabrication method, and geometries. Each nanocalorimetric sensor consists of a thin-film thermistor sandwiched between two electrically insulating ceramic layers that form a membrane supported by the substrate [ Fig. 2(a) ]. The thermistor is fabricated from an electrically conductive film and serves to both measure temperature and heat the sample. Samples to be measured are limited to the thermistor area of each sensor, and may be deposited on either side of the membrane. The membrane design of the sensor thermally insulates the sample from the surroundings and ensures that the thermal mass of the sensor, i.e., the addendum, is very small.
Referring to the schematic in Fig. 2(b) , the wide straight line down the center of the membrane is the heating element; the metal lines connected to the heater are the voltage probes, and the portion of the heating element between the voltage probes is the thermistor. A current passed through the heating element heats the sample and the calorimetric cell. The power dissipated in the thermistor is determined experimentally from the current supplied to the thermistor and the potential drop between the voltage probes. The local temperature change is determined from a four-point thermistor resistance measurement that has been calibrated to temperature.
Not all power dissipated in the thermistor is used to heat the sample and addendum; some power is lost to the environment. At moderate temperatures, heat transfer from the thermistor to the membrane dominates this heat loss. As the temperature increases, radiation from the thermistor and the membrane becomes important and eventually dominates the heat loss. Measurements are performed in vacuum to eliminate convection losses and to provide a chemically inert testing environment. Conduction and radiation heat losses can be accounted for by modeling or through the use of a reference measurement scheme. In this work, results are generally analyzed using a reference measurement scheme; a thermal model for the sensor is given in Appendix A.
The substrate of the PnSC device is made of silicon, which is readily micromachined. The ceramic membrane consists of silicon nitride, selected because it is a good electrical insulator and because it is made easily into thin membranes. Silicon nitride also has a low thermal effusivity, which reduces the heat loss into the membrane. The thermistor is made of tungsten, because of its large temperature coefficient of resistance and its small resistivity, both of which are beneficial to measurement sensitivity. 13 The high melting temperature of tungsten also results in excellent thermal stability of the thermistor. The electrical leads and contact pads on the substrate are made of copper to reduce the resistance of the signal lines on the substrate and to facilitate contact to the PnSC device. Specific dimensions of the components of the PnSC device can be found in Table I .
B. Operating principle
The power dissipated in the thermistor can be parsed into stored power and power lost to the surroundings. At constant pressure, the stored power results in a change of the enthalpy of the sample and calorimeter addendum. If we define a control volume (CV) that comprises the sample and the calorimeter addendum, then
where P is the total power dissipated in the thermistor, _ H is the time rate of change of the enthalpy within the CV, and Q is the heat loss through the boundaries of the CV. The rate of change of the enthalpy can be written as
where T is the temperature of the thermistor. Substituting Eq. (2) into Eq. (1) and rearranging results in
where _ T is the heating rate of the thermistor. The left side of Eq. (3) can be directly calculated from measured quantities and is defined as the calorimetric signal from the sensor. If Q is known or if its contribution to Eq. (3) is negligible (e.g., in the case of large heating rates), the change in enthalpy with temperature, dH/dT, can be determined directly from the calorimetric signal. If no phase transformations or reactions take place, dH/dT is equal to the heat capacity C P of the control volume; during a phase transformation this term also includes the latent heat of transformation H L .
To reduce the effect of the calorimeter addendum and/or heat loss on the measurement, it is often convenient to perform a reference measurement. Equation (3) can then be rewritten to define the differential calorimetric signal as
where D represents the difference between a sensor with a sample and a sensor that is either empty or contains a reference sample. Comparing measurements in this manner eliminates the contribution of the addendum and reduces heat loss contributions to the signal (see Appendix A). If the heating rate of both sensors is identical, then the heat conducted into the membrane is the same for both sensors and the heat loss term in Eq. (4) vanishes. The differential calorimetric signal is the quantity that is analyzed to determine transformation temperatures and latent heats throughout this study. In addition to performing differential measurements, the effect of heat losses can also be reduced by increasing the heating rate of the calorimeter. In deriving Eq. (3) temperature uniformity in the CV is implicitly assumed. Any nonuniformity of the temperature results in a broadening of features in the calorimetric signal curve. At short times this effect is small and it increases with time. An approximate analysis of the temperature nonuniformity of the CV is presented in Appendix B.
III. EXPERIMENTAL METHOD

A. Device fabrication
The fabrication process starts with (100)-oriented Si wafers, 200 mm in diameter and polished on one side. These wafers are delivered with a coating of $80 nm of Si 3 N 4 grown on both sides using a low-pressure chemical vapor deposition process [ Fig. 3(a) ]. Special care is taken throughout the fabrication process to protect the Si 3 N 4 on the polished side of the wafer. This film will eventually form the base membrane layer of the PnSC; even shallow scratches may result in ruptured membranes.
Each Si wafer is cleaved into seven 55 mm Â 55 mm square substrates. The substrates are rinsed in deionized water and blown with nitrogen to remove any particles. Next, 125 nm of tungsten and then 1.2 mm of copper are deposited on the polished side of a square substrate using direct current (dc) magnetron sputtering. Substrate rotation produces uniform film thickness [ Fig. 3(b) ]. Immediately prior to film deposition, the substrates are sputter-cleaned using an Ar plasma to remove any contamination and to improve adhesion of the sputtered coatings. The sputter chamber used for the fabrication of the PnSC device has a base pressure of $8 Â 10 À8 Torr; other processing conditions are shown in Table II .
After deposition of the metal coatings, the wafer is baked at 150 C for 5 min. Shipley 1805 photoresist (S1805, Dow Chemical Co., Midland, MI) is then spincoated and patterned on both sides of the wafer. The front side of the substrate is exposed to ultraviolet light through a mask with the metallization artwork, and the backside is exposed through a mask with the cavity win- Using the previously described lithography and etch procedure, the SiN x is removed from the Cu contact pad area. At this point, the device is annealed at 450 C for 8 h in a vacuum furnace with a base pressure of 10 À7 Torr to stabilize the SiN x and tungsten thermistor.
In a last step, freestanding membranes are created by an anisotropic etch of the Si in a solution of 15 g KOH in 50 mL H 2 O at 85
The patterned Si 3 N 4 coating on the backside of the substrate serves as a hard mask for this step. During this procedure, the metallization is protected by a sample holder that exposes the backside of the device to the KOH solution, while isolating the front side from the KOH solution. If a membrane happens to break as this etch step is completing, the PECVD silicon nitride layer protects the metallization.
B. Sample preparation
It is possible to deposit samples on the PnSC using several different techniques. In this study, indium samples were deposited by thermal evaporation and Ni-TiZr samples were deposited by magnetron sputtering (Fig. 4) . In each case, samples were deposited through a shadow mask micromachined from a silicon wafer coated with LPCVD Si 3 N 4 . The deposition shadow mask is formed so that extrusions in the shadow mask fit into the recesses of the PnSC and align an opening in the shadow mask with each thermistor on the PnSC. Each opening of the shadow mask has nominally the same area, although small variations in the dimensions caused by the shadow mask fabrication process require direct measurements of the opening areas for accurate sample volume determination. The areas of the openings in the shadow mask were measured by optical transmission microscopy using a Nikon Eclipse ME600L microscope (Tokyo, Japan) equipped with a charge-coupled device camera. Digital images were then processed to determine the opening areas with a pixel counting scheme. The volumes of the samples are determined by depositing reference samples on a dummy substrate immediately before depositing the calorimetry samples and by measuring the reference sample thickness with a Veeco Detak 6M profilometer (Plainview, NY) to determine the deposition rates. The deposition rate at each sensor location and the area of the corresponding shadow mask opening determine the flux of sputtered material; therefore, controlling the deposition time controls the volume of material deposited. Indium samples were deposited to a thickness of 25 AE 1 nm in a thermal evaporator with a base pressure in the 10 À7 Torr range. Ni-Ti-Zr samples were sputter deposited in a chamber with a base pressure in the 10 À8 Torr range to a thickness of about 290 nm at a deposition rate of $11 nm/min. The Ni-Ti-Zr samples were deposited from confocal sputtering guns using three elemental targets, each with a 25.4 mm diameter (Fig. 4) . The sputtering guns were tilted toward the concentric point so that the chimneys were close to touching. This positioned the guns directly under the device and reduced the possibility of any secondary shadowing from the opening of the shadow mask. By this same reasoning, the working distance was set to the maximum for the sputtering system, i.e., $120 mm. The dc power to each gun was determined from an iterative calibration process to obtain the desired composition range, resulting in 72, 150, and 60 W to the Ni, Ti, and Zr guns, respectively. Sample film compositions were measured by energy dispersive x-ray spectroscopy (EDS) using an EDAX system installed on a Zeiss Ultra55 field-emission scanning electron microscope (FE-SEM; Oberkochen, Germany). The compositions were also measured by wavelength dispersive x-ray spectroscopy (WDS) using a JEOL JXA-8200 Superprobe (Tokyo, Japan). Both instruments were calibrated using pure element standards for the Ni-K and Ti-K lines at 15 kV accelerating voltage. For Zr, the L-line was used for EDS and the M-line was used for WDS. NiTi-Zr deposition reference samples were relatively thick, $1 mm, for accurate quantitative composition analysis. The reference samples were deposited through a shadow mask with openings defined by the same dimensions as the PnSC membranes (Table I) . Composition measurements were made at the center of each reference sample. The composition variation within the samples was determined by measuring the composition along the centerlines of a reference sample. Measurements were performed at five locations in each direction, spaced 0.83 mm along the length and 0.48 mm across the width of the sample.
C. Experimental setup and procedures
PnSC measurements are controlled and recorded with a personal computer and a National Instruments PCI-6221 data acquisition card (DAQ; Austin, TX) ( configuration. It is powered by a Protek 3030D dual dc power supply (Englewood, NJ) running in series mode, providing a constant 30 V controlled power. Excluding internal losses, the current supply is limited by $20 V of compliance and can supply a maximum current of 100 mA.
The output of the current source, I, is monitored with the DAQ by measuring the voltage drop V I across a 100 O precision resistor R I . The DAQ also reads the voltage drop V across the thermistor. This is shown in schematic form in Fig. 5 and a typical result is shown in Fig. 6 . All signals are recorded at a sampling rate of 100 kHz and with a resolution of 16 bits. In this setup, the voltage range of the DAQ is adjusted on the basis of the maximum expected value for each measurement to maximize the precision of the 16-bit analog to digital conversion.
With reference to Fig. 5 , the voltage signals are used to determine the resistance of the thermistor by R ¼ R I V/V I and the electrical power dissipated in the thermistor by P ¼ V I V/R I . The temperature of the thermistor is then calculated from
where l is the temperature coefficient of resistance of the heating element, T 0 is the ambient temperature, and R 0 is the resistance at T 0 . The heating rate is calculated from
where _ V and _ V 1 are the voltage rates calculated from a moving linear least squares fit to the respective data histories. With the power input and heating rate known, the calorimetric signal can be expressed explicitly in terms of measurable quantities as
This calorimetric signal still contains the contributions from heat loss to the environment and from the calorimeter addendum. These contributions were eliminated through use of reference measurements: for the indium measurements, two cells were used-a cell with an indium sample and a bare neighboring cell for a reference measurement. To reduce random noise, 100 temperature cycles were averaged for the sample measurement and 10 cycles were averaged for the reference measurement. In the case of the Ni-Ti-Zr samples, both the sample measurements and the reference measurements were made using the same cell in a scheme where calorimetric measurements on nontransforming phases were used as reference measurements for transforming phases; the as-deposited amorphous films were fully crystallized in one cycle. Subsequent cycles showed no indication of further crystallization; 10 of these cycles served as the reference measurement for the crystallization process. The as-deposited amorphous samples cycled 100 times in a low temperature range served as the reference for the martensite-austenite measurements on the crystalline samples. An advantage of using a cell plus sample as its own reference, as opposed to a bare reference cell, is that its mass is exactly the same. Consequently, any deviation between calorimetric signals must be related to a change in the enthalpy of the sample.
All calorimetric measurements were conducted in a vacuum chamber with a vacuum level of $10 À5 Torr to eliminate convection losses and side reactions. Applied current amplitudes and durations for each measurement can be found in Table III . Prior to performing calorimetric measurements, the thermistors need to be calibrated. The temperature coefficient of resistance was measured by placing the PnSC substrate in an oven and stepping the oven through a temperature range. During this calibration process the temperature of the substrate was measured with a thermocouple. The resistance of a thermistor was recorded at each temperature step by applying a 1 mA monitoring current for a period of 20 ms. Because this measurement was performed under atmospheric conditions, the 1 mA current pulse caused a negligible amount of Joule heating. The initial resistance R 0 and the temperature coefficient of resistance l were determined from a linear least squares fit of the resistance data as a function of temperature (Fig. 7) . The value of l was calculated using Eq. (5), yielding a value of (1.50 AE 0.04) Â 10 À3 K À1 for the tungsten thermistors on the device with the Ni-Ti-Zr samples, and a similar value for the device with the indium sample. The value of l was determined for one cell on each substrate, whereas the value of R 0 was measured for each cell on a substrate.
IV. RESULTS AND DISCUSSION
A. Indium measurements
The calorimetric signals from a PnSC cell with an indium sample and a cell without indium sample are shown in Fig. 8(a) . The small offset between the two signals is caused by the presence of the indium sample; the slope is primarily the result of heat loss to the ambient. Because these cells were heated at the same rate ($14 Â 10 3 K/s), the heat loss is the same for both cells and the difference in calorimetric signals [ Fig. 8(b) ] represents the calorimetric trace for the indium sample.
A linear baseline is used to determine the melting temperature T M , the heat of fusion H f , and the heat capacity C P of the indium sample. The melting temperature is taken as the temperature at which the calorimetric signal peaks, and is found to be 157 C, in excellent agreement with the reported literature value of 156.6 C. 16 Unlike traditional calorimetry, the peak of the melting signal is the most appropriate point to define the melting temperature, because the very small thermal resistance between the sensor and sample produces a negligible temperature difference between them (see Appendix B). The shape of the melting peak is determined mainly by the temperature distribution within the heating element. Thus, the peak temperature represents the average heater temperature at which most of the sample melts. This temperature is a better approximation for the melting temperature than the onset of the peak used traditionally. This approach is confirmed with heating rate experiments, which do not show an increase in the peak temperature with increased heating rates as with traditional calorimeters.
The specific heat of fusion is obtained by numerically integrating the peak area between the differential calorimetric signal DP= _ T and the baseline, and normalizing this result by the mass of the sample. The mass of the sample is calculated using the measured sample volume, V In ¼ (27.5 AE 3) Â 10 3 mm
3
, and the handbook value for the density, r In ¼ 7.31 g/cm 3 , 16 and is equal to (201 AE 20) ng. This procedure results in h f ¼ (23 AE 2) J/g, which is less than the literature value of 28.7 J/g for bulk indium. 16 Similar reductions in h f have been demonstrated for nanostructures by Lai et al., 17 Efremov et al., 18 and Zhang et al. 19 The fact that the specific heat of fusion is reduced, while the melting temperature remains unchanged compared to bulk indium, is explained by the observation that the indium film breaks up into droplets when it is first melted. When the film cools, these droplets solidify into particles with a broad range of sizes as illustrated in the SEM micrograph in Fig. 8(b) . The smallest particles have a reduced h f and T M ; the largest particles with diameters in excess of 100 nm have values that are the same as for bulk indium. 18, 19 From the position of the low-temperature shoulder, the small indium particles begin to melt at $125 C. According to Ref. 19 this corresponds to a particle size on the order of 7 nm, which is consistent with SEM observations. Because the mass of the small particles represents only a small fraction of the total sample mass, the small particles give rise to a low-temperature shoulder on the melting peak in Fig. 8(b) , leaving the peak temperature unaltered from its bulk value. The specific heat of fusion, by contrast, is determined by integrating over the entire peak, including the low-temperature shoulder, and is reduced as a result.
The room-temperature specific heat of the indium sample is found by evaluating the baseline at T 0 and normalizing that value by the sample mass. This procedure results in C P ¼ (260 AE 60) J/kg K, which is comparable to the literature value of 230 J/kg K. 16 Most of the error in the specific heat measurement is associated with taking the difference between the sample and reference measurements, which were performed on two different cells with slightly different addendum. As the sample makes up only 8% of the total heat capacity of the sample cell, a small difference in addendum between the two cells can result in a much larger error in the heat capacity of the sample. The accuracy of the C P measurement could be improved considerably by performing the reference measurement on the same cell as the sample measurement before the sample is deposited.
B. Composition of the Ni-Ti-Zr samples
The compositions of the Ni-Ti-Zr samples are listed in Table IV , arranged by sample location on the device. The concentration of a particular element is greatest closest to the respective target. The sample library covers an atomic composition range of 44.6-52.7 at.% Ni, 27.7-38.5 at.% Ti, and 15.1-22.6 at.% Zr. Chemical composition results measured by EDS are within 0.5 at.% of the composition results obtained by WDS, good agreement considering an uncertainty in the measurements of $0.5 and 0.7 at.% for EDS and WDS, respectively. Composition variations within individual samples are readily estimated from the dimensions of the cells and the composition spread across the substrate. The maximum variation in Ni content within a sample is 0.7%, which is approximately the same as the uncertainty in the Ni measurements. The concentration variations for Ti and Zr are significantly smaller than for Ni. These observations are borne out by the experimental measurements of the within-sample composition variation, which do not show any trends and are all within experimental error.
C. Crystallization of the as-deposited Ni-Ti-Zr samples X-ray diffraction (XRD) showed that the as-deposited Ni-Ti-Zr samples were amorphous. An 85-90 mA current pulse lasting 60 ms was used to crystallize the samples. Figure 9 (a) shows typical temperature responses of a calorimetric cell with a sample in the as-deposited amorphous state and of the same cell with the sample in the crystalline state. The exothermic crystallization of the amorphous sample creates a step in the temperature history of the as-deposited sample.
The crystallization peak for the as-deposited sample is evident in the calorimetric signal [ Fig. 9(b) ]; the lack of transformation is apparent in the crystallized sample. The nonzero slope in the calorimetric signal at low temperatures is caused primarily by the temperature dependence of the specific heat and to a lesser extent by the conductive heat loss into the membrane. The steep rise in the signal at elevated temperatures is the result of radiative heat loss to the environment.
The differential calorimetric signal is plotted as a function of temperature in Fig. 9(c) . Plotting the differential signal further amplifies the crystallization peak and reveals the onset of the glass transformation (475 AE 2 C) immediately before crystallization. The crystallization peak temperature (733 AE 3 C) is significantly 20 This difference is due to the kinetics of the crystallization process and the difference in heating rates between the studies. In this study the heating rate is nominally 2.0 Â 10 4 K/s while Kim and colleagues 20 reported using a heating rate of $0.17 K/s. All Ni-Ti-Zr samples were crystallized in a similar fashion. The width of the crystallization peak in this study can be attributed to the kinetics of the crystallization process, the formation of multiple phases, and the temperature nonuniformity in the thermistor (Appendix B). A detailed analysis of the crystallization process as a function of film composition and the resulting microstructure is the subject of a future publication.
D. Martensite-austenite transformation in crystalline samples
Typical low-temperature responses of a cell with a sample in the amorphous state and of the same cell with the sample in the crystalline state are shown in Fig. 10(a) . The martensitic transformation in the crystalline sample is not immediately obvious from the temperature histories because the martensite-austenite latent heat is significantly smaller than the crystallization latent heat, but the transformation shows up clearly in the calorimetric signal [ Fig. 10(b) ]. The differential calorimetric signal is shown in Fig. 10(c) . The peak transformation temperature T M-A and the enthalpy of transformation H M-A are readily obtained from the curve: H M-A is given by the area between the transformation peak and a linear baseline fit to the calorimetric signal outside the transforming region; T M-A is defined as the temperature where the calorimetric signal during the transformation is furthest from the baseline. For this particular sample T M-A ¼ (183 AE 2) C and H M-A ¼ (32.0 AE 0.5) mJ. Also apparent from Fig. 10(c) is the negative slope of the differential calorimetric signal at temperatures above T M-A . This negative slope is observed for all samples, independent of composition, and is a clear indication that the specific heat capacity of the amorphous samples increases faster with temperature than that of the crystalline samples.
Repeating the previous analysis on the remaining samples reveals that only the rows with the two lowest Ni concentrations demonstrate a measurable transformation signal (Fig. 11) . The analysis results are summarized for the transforming samples in Table V , where H M-A has been normalized by the sample mass to produce the specific latent heat of transformation h M-A . The mass m S of each sample was determined from the measured sample volume V S , the measured sample composition, the volume of the martensite unit cell V UC for Ni 49.5 Ti 50.5-x Zr x with x ¼ {5, 10, 15, 20}, 21 the molar mass M i , and the fact that Ni-Ti-Zr martensite has four atoms per unit cell 22, 23 
where f represents atomic fraction and N A is Avogadro's number. The sample volume measurements were obtained from as-deposited amorphous samples and the unit cell volume is for the crystalline martensite phase. This discrepancy does not cause a significant error, as Inoue has reported previously that the density change on crystallization is small (<1%). 24 The visual representation of the martensite-austenite transformation temperature results can be found in Fig. 12 , along with results compiled from Hsieh et al. 25, 26 The transformation temperature varies linearly with Zr content in the range of 16% to 23%. This result confirms the trend previously reported by Hsieh et al. The Ni content, by contrast, does not seem to affect the transformation temperature, at least for the samples in which transformations were observed. This behavior is also observed for binary Ni x Ti 50-x alloys with x < 50%. 27 If x > 50%, however, the transformation temperature can decrease by as much as 200 C for a 1% increase in Ni concentration. This behavior, which also occurs in Ni-Ti-Zr, 28 may provide an explanation as to why no transformations are observed in the Ni-rich samples-the transformations take place at temperatures well below the measured range. The temperature dependence of the heat capacity provides indirect evidence that the "nontransforming" samples are in the high-temperature phase: the slope of the calorimetric signal of the "nontransforming" samples is the same as the slope for the austenitic phase in the transforming samples. The slope of the martensitic phase, by contrast, is closer to that of the amorphous samples (Fig. 11) . It is interesting to note that the transition between transforming samples and "nontransforming" samples takes place at a Ni concentration between 46.8 and 48.2 at.%, which is smaller than for the bulk NiTi system. It is apparent from Fig. 12 that the thin-film samples show a marked depression in T M-A compared to the results for bulk Ni-Ti-Zr. This depression of the transformation temperature is caused by the fine microstructure of the samples. SEM observations show that the films in this study have a nanoscale grain structure ($10-50 nm diameter) as a result of the fast heating and cooling rates. A similar depression of the transformation temperature has been demonstrated for NiTi samples with a nanoscale microstructure 29, 30 and is attributed to a decrease in the stability of the martensite, related to the energy-cost of forming twin-boundary interfaces.
The dependence of h M-A on chemical composition (Table V) is somewhat more complicated than the transformation temperature. The majority of samples (cells 16, 20, [22] [23] [24] [25] transform with a similar specific enthalpy, averaging h MÀA ¼ 10 AE 1 J/g, which is less than the reported bulk value of 21.4 J/g, but comparable to the value of 9.8 J/g reported for melt-spun ribbons with micron-scale thickness. 28 A few samples (cells 17-19) transform with a reduced enthalpy, which may be an indication that the R phase is formed instead of the B19 0 martensitic phase. In the binary NiTi system, a reduced enthalpy of transformation is indeed associated with the R phase. 31 The R phase has a reduced lattice distortion relative to the austenite phase, which decreases the entropy of transformation and therefore the specific latent heat. 32 In NiTi, the R phase has been shown to stabilize at reduced length scales 33 and with increasing Ni concentration. 34 It is reasonable to expect that the reduced specific latent heats in cells [17] [18] [19] are the result of an R-phase transformation. However, a competing hypothesis could be that the martensite volume fractions in these samples are simply reduced, 33 which would also reduce the effective specific latent heats of transformation. Structural analysis is required to draw an unambiguous conclusion.
V. CONCLUSION
A device has been developed, the parallel nano-scanning calorimeter, which combines nanocalorimetry and combinatorial methods to create a powerful instrument for materials screening and analysis. The device consists of a substrate with an array of micromachined nanocalorimeter sensors, each one of which is individually addressable. The nanocalorimeter sensors are very sensitive, with a resolution of $10 nJ/K, allowing thermal analysis of small quantities of material. The small mass of the sensors makes it possible to achieve heating rates as fast as 10 4 K/s, thus making the device a useful tool for exploring the kinetics of phase transformations and reactions. Measurements can be performed over a temperature range from room temperature to $900 C. By depositing samples with a composition gradient onto the PnSC, combinatorial studies can be performed much faster than by conventional techniques. In short, the PnSC enables the thermal study of complex materials systems at the nano-and the microscale. The capability of the PnSC is demonstrated by applying it to a 25-nm coating of indium and to a library of thin-film Ni-Ti-Zr Table IV for composition results and Table V Composition (at.%) samples. The PnSC readily detects the melting point of the indium coating. After the first heating cycle, the indium breaks up into islands with a wide size distribution. The peak melting temperature, which corresponds to the melting of the larger islands, is in good agreement with the bulk value. The average specific heat of fusion, however, is depressed below the bulk value because of the size dispersion of the indium islands. The characterization of the Ni-Ti-Zr sample library illustrates the use of the PnSC device in combinatorial studies. As-deposited Ni-Ti-Zr samples are amorphous and are crystallized during the first temperature scan. The PnSC readily reveals the crystallization reaction, as well as the glass transition temperature of the samples in their amorphous state. After crystallization, the martensite transformation is detected in a subset of the samples depending on chemical composition. condition is given by the experimentally measured temperature history, f [t], of the thermistor. The right boundary condition remains valid as long as the thermal diffusion length is smaller than the distance to the edge of the membrane. The linearization of the radiation term in the membrane is valid as long as the temperature difference between the membrane and its surroundings remains appropriately small.
To solve Eq. (A6), we follow Sneddon's example for the solution to Eq. (6) without the radiation term. 35 The complete solution can be found in Ref. 36 . For the sake of brevity we reproduce the solution here without proof
Equation (A7) represents the temperature profile in the membrane for a given temperature history of the heating element. The first factor inside the integral is the forcing function, while the second factor is the Green's function of the problem.
The above integral [Eq. (A7)] can be solved explicitly when the temperature history f [t 0 ] is represented by a polynomial. For the sake of simplicity, we assume a linear temperature history, f ½t 0 ¼ _ T Cnst t 0 , where _ T Cnst represents a constant heating rate. Solving Eq. (A7) with the linear temperature history assumption and taking the derivative with respect to y at y ¼ 0 results in @t @y
Since @t=@y ¼ @T M =@y, we substitute Eq. (A8) into Eq. (A4) and find,
Here, the thermal effusivity is defined as f ¼ ffiffiffiffiffiffiffiffiffiffiffi k r c p p . Equation (A9) establishes the heat loss model for a nanocalorimetric cell. Once a nanocalorimetric cell has been calibrated, Eq. (A9) provides a simple means for calculating the heat loss from the cell. Reference 36 describes a detailed procedure for determining the thermal parameters of the cell. If the temperature history of the cell is nonlinear, higher-order polynomials can be used to represent the temperature history in Eq. (A7). Solutions of the integral for higher-order polynomials can be found in Ref. 36 .
The thermal model shows that the heat loss is a function of the calorimeter geometry, thermophysical materials properties, and temperature history. Because the reference measurement is performed on the same or a similar calorimetric cell as the sample measurement, the geometry and thermophysical materials properties are similar and the heat loss should be nearly identical. If a reference measurement does not exist, then the thermal model can be used to account for the heat loss. In some cases the reference measurement will have a slightly different heating rate due to a change in heat capacity or latent heat. In such situations the thermal model can be used to correct the differential calorimetric signal on the basis of the difference in temperature histories.
APPENDIX B: TEMPERATURE UNIFORMITY
The assumption of temperature uniformity of the control volume CV can be addressed by considering the temperature gradients in the x-, y-, and z-directions (Fig. 2) . Starting with the z-direction, we can take the temperature in this direction to be uniform because at the time scale of the measurements the thermal diffusion length is generally much longer than the sensor thickness. The relationship between the diffusion length and the length scale relevant to a problem is commonly represented by the Fourier number,
, where a is the thermal diffusivity, t is the relevant timescale for the problem, and h is the length scale. Even the worst-case scenario of a 1-mm sample of silicon nitride and an experimental sampling rate of 100 kHz yields a Fourier number in excess of 10. For comparison, a simple 1D model shows that the temperature deviation in the sample is less than 1% of the measured temperature if the Fourier number is greater than two. This example uses the shortest relevant timescale for the measurements and a relatively thick and poorly conducting sample, yet the Fourier number is still approximately five times the value that would produce a 1% temperature deviation. This analysis demonstrates that the temperature through the thickness can be considered uniform, i.e., the temperature measured at the thermistor is also the temperature of the sample. Similar findings have been demonstrated using finite elements. 36 The temperature distribution in the y-direction can be estimated by assuming the shape of the steady-state solution (a worst-case assumption) to the 1D diffusion problems with uniform heat generation, i.e., a parabolic temperature distribution. The temperature distribution is defined by considering the symmetry of the heating element, which causes the temperature gradient at the center of the heater to be zero, dT=dy center ¼ 0 j , and because the temperature and heat flow must be continuous across the CV membrane transition,
